The evolution of the atmospheric and land-surface state during extreme hydroclimate episodes over North America is investigated using the North American Regional Reanalysis (NARR), which additionally, and successfully, assimilates precipitation. The pentad-resolution portrayals of regional circulation (e.g., the Great Plains Low-Level Jet, or GPLLJ) and hydroclimate (precipitation, evaporation, soil-moisture recharge, runoff), and related atmospheric and terrestrial water-balance over the U.S. Great Plains during the 1988 summer drought and the July 1993 floods are analyzed to provide insight into the operative mechanisms.
Introduction
The 1988 drought and 1993 flood in the central United States were among the most extreme hydroclimatic events in recent decades. The socioeconomic impact of these episodes was massive with a price tag in the tens of billions of dollars (NCDC) and significant loss to life and property. Agricultural interests were particularly impacted as much of the United States farming production occurs in the Great Plains. From a scientific perspective these anomalies are equally impressive as they represent extreme departures from the warm season climatology.
The origin of these hydroclimatic extremes has been extensively investigated.
Observational inquiries suggest that the 1993 flood was characterized by a persistent trough in the lee of the Rocky Mountains maintained by upstream eddy activity, providing favorable conditions for enhanced rainfall over the Great Plains (Bell and Janowiak 1995; Mo et. al 1995 Trenberth and Guillemot 1996) . The situation during the late spring of 1988, on the other hand, was characterized by large upper-level anticyclonic height anomalies over North America whose main effect was to shift the summer storm track well north of its climatological position, into central Canada (Namias 1991; Branstator 1992, Trenberth et al. 1988) .
That these anomalies occurred during significant El Niño (1993) and La Niña (1988) events suggests an instigative role for tropical forcing Branstator 1992, Trenberth and Guillemot 1996) . The forcing of midlatitude summer circulation (and precipitation) anomalies by equatorial Pacific heating anomalies however remains a topic of much debate. Modeling experiments have moreover been inconclusive: Tropical SST forcing (Bates and Hoerling 2001; Sud et. al 2003) , internal atmospheric forcing (Liu et. al 1998) , and soil moisture (Atlas et al 1993; Bosilovich and Sun 1999; Hong and Kalnay 2002 ) have all been shown important in modeling of these hydroclimate anomalies. A multidecadal variation of ENSO's influence on Great Plains summer precipitation, with some epochs exhibiting strong correlation with tropical SSTs while the others weak, has also been suggested (Hu and Feng 2001) .
Although there is no consensus on the origin of the large-scale circulation anomalies associated with these extreme events, the regional hydroclimate impact is reckoned to be generated through local orographic interaction, meridional shifts of the North American stormtrack, and modulation of local land-atmosphere interactions. Interestingly, the focus on large-scale circulation anomalies has hindered development of a high resolution, evolutionary description of atmospheric and land surface states during these pronounced variability episodes; a description, which can potentially clarify the operative regional mechanisms.
The objective of this study is to generate just such a description: A high spatiotemporal resolution description of regional hydroclimate anomalies during the warm seasons of 1988 and 1993 is generated to gain insight into the genesis of extreme hydroclimate episodes over the Great Plains. The basic descriptions are supplemented by pentad-resolution portrayals of the related atmospheric and terrestrial water balance over the Great Plains.
The high-resolution analysis of hydroclimate variability exploits the recent availability of regional reanalysis over this region; the North American Regional Reanalysis (NARR, Mesinger et al. 2006) . This precipitation and radiance-assimilating, high-resolution reanalysis was enabled by recent advances in data assimilation and land-surface modeling. The 27-year long data set is proving to be a unique resource for hydroclimate research, given its remarkable assimilation of precipitation.
The larger goal of this study is to connect the canonical monthly resolution analyses of extreme hydroclimate episodes with their synoptic underpinnings. By focusing on the super-synoptic time-scale (pentad/weekly), the analysis seeks to identify the contribution of the continental-scale, low-frequency (monthly/seasonal) climate variations on the rapidly evolving regional-scale hydroclimate variability. A pentad-level description of regional circulation features (e.g., the Great Plains Low-Level Jet) and the concurrent land-surface state (e.g., soil moisture recharge, evaporation) during the warm seasons of 1988 and 1993 in the promising NARR hydroclimate data set offers an unprecedented view of the evolution of dry and wet episodes over the Great Plains, including the influence of the large scale climate variability modes
Data Sets and Methodology
The North American Regional Reanalysis (NARR) is a 27-year (1979-2005) , consistent, high-resolution dataset that covers the North American domain (Mesinger 2006 ). The original NARR has a 3-hour analysis cycle and 32 km horizontal resolution.
The data used here have been regridded to 0.5º x 0.5º. There are 13 vertical levels (29 total) below 700 hPa, which is adequate for resolving the prominent regional circulation feature, the shallow Great Plains low-level Jet (GPLLJ). NARR assimilates direct observations of precipitation over land and adjoining oceanic regions using the upgraded regional Eta model and related data assimilation system. The precipitation assimilation is shown to be successful under the influence of a two-way interaction with the NOAH land surface model (Ek et al. 2003; Mesinger 2006) . Given NARR's regional domain, the large-scale circulation fields are obtained, as needed, from the NCEP/NCAR reanalysis (Kalnay et al. 1996) .
Pentad averages (5-day means) are analyzed in this study, unless otherwise noted. NARR pentads were created by averaging the 3-hourly data, while the NCEP/NCAR reanalysis pentad data were produced from daily means. In leap years, the pentad beginning on February 25 is a six-day average so as to keep the number of pentads (73) per year consistent throughout the 27-year NARR record . The correlation between the Great Plains low-level jet and precipitation indices in these areas is 0.55 during MJJ and 0.71 in July (WN).
In both RBN and WN, the Great Plains hydroclimate was linked with atmospheric circulation over the adjoining ocean basins, including those related to NAO and ENSO.
The footprints of these 'external' climate variability modes in the 1988 drought and 1993
Midwest floods are extracted in section 5 by first computing the linear regression of the NAO and ENSO indices against NARR precipitation and circulation over the full NARR record. The characteristic patterns, thus obtained, are then multiplied by the NAO and ENSO indices during the drought and flood periods, to uncover the footprints.
Section 3 documents the Great Plains hydro-climatology over the period 1979-2005. Section 4 discusses the atmospheric and terrestrial water balance during the warm seasons of 1988 and 1993. Sections 5 and 6 discuss the NAO and ENSO influences on the regional structure of the Great Plains drought and floods and the large scale circulation respectively, with concluding remarks following in section 7. 
Pentad Resolution Hydroclimate

Hydroclimate Anomalies of 1988 and 1993
a. Atmospheric Water Balance
The improved representation of hydroclimate in NARR and the presence of both remote circulation and local land-surface influences on regional hydroclimate suggests that much can be learned from analysis of the evolution, including temporal phasing of the key hydroclimate fields in NARR data. The 1993 summer hydroclimate ( Fig. 3 ) has other notable features as well: A significant pentad-duration GPLLJ episode in early June (and also one in the second week of May) associated with rather modest downstream convergence and precipitation (< 2 mm/day) 2 . On the other hand, and interestingly, the notable precipitation anomalies in the first week of May (and mid June) are not associated with any significant jet variability. It is likely that the low-level convergence accompanying precipitation anomalies in such cases is generated from processes other than kinematic convergence (-∂v/∂y) in the jet exit region; for example, from mesoscale convective complex propagation from the Rockies).
The portrayal of atmospheric water balance (right panel) clearly shows the dominance of moisture-flux convergence (MFC) in the generation of the precipitation anomalies, with minimal contribution from anomalous evaporation (brown contour). It is somewhat surprising that evaporation is not suppressed during wet episodes, in view of increased cloudiness and its impact on surface insolation. The atmospheric water-imbalance, evaluated as the departure of (∂W/∂t + P -E -MFC) from zero, and plotted using the black contour, is also seen to be largest during the wet episodes. Given that ∂W/∂t is typically small (i.e., P -E ≈ MFC), the imbalance must arise from errors in E-estimation as other terms in the balance (P, MFC) are based on observations directly assimilated in NARR (precipitation, horizontal winds and humidity, for example). It is thus not only possible but, perhaps, also reasonable to attribute the atmospheric water-imbalance to the lack of evaporation suppression during the wet episodes, i.e., to E-overestimation at that time. For instance, P≈4.5, E≈0, and MFC≈6.5 during the mid-June event in NARR, leading to an imbalance of -2 mm/day; evaporation suppression (i.e., E<0) would potentially reduce this imbalance. summer is just as pronounced -equaling and sometimes exceeding 2 mm/day -as in the previously discussed wet period. Also, as before, the imbalance can be attributed to the insufficient suppression of near real-time evaporation in NARR; as evident from the sluggishness of evaporation in this period. Evaporation does diminish in NARR but only towards the end of the dry season, i.e., much too slowly, from the perspective of the atmospheric water-balance. The overly smooth brown curve (E) testifies to this field's sluggishness in NARR. Were evaporation more responsive, negative anomalies would set in sooner, following the precipitation deficit episodes; leading to reduced regional waterimbalance. It would be interesting to get a reading on NARR's evaporation from the perspective of the regional terrestrial water-balance.
b. Terrestrial Water Balance
Observational and modeling studies of the 1988 and 1993 hydroclimate events suggest a contributing role for soil moisture anomalies (Atlas et. al 1996 , Bell and Janowiak 1995 , Sud et al 2003 . Figures 5 and 6 (left panels) show the pentad evolution of precipitation (shaded), 0-2 meter soil moisture recharge, ∂(SM)/∂t (blue contours), and evaporation (red contours) anomalies during the 1993 and 1988 summers, respectively. All quantities here are latitude-band averaged over 35-45°N so that the regional terrestrial waterbalance can be assessed 4 . The wet and dry summer displays show the terrestrial water budget to be in much greater imbalance than the atmospheric one, given that only about half of the precipitation anomalies can be accounted for at the land-surface; principally, by the concurrent recharge of soil moisture. Evaporation accounts for a very small fraction, as it lags precipitation; and could well account for an even smaller one in nature since NARR's evaporation is deemed excessive from the atmospheric water-balance perspective. A reasonable deduction on the origin of the significant terrestrial waterimbalance is then the unresponsive runoff in NARR.
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The area-averaged runoff is shown in the right panels, and its near-constancy during the evolution of both one of the wettest and driest Great Plains summers is, perhaps, the most striking feature of the regional terrestrial water-balance in NARR. This insensitivity leads to the underestimation of runoff in the wet episodes and its overestimation in the dry ones. Along with evaporation sluggishness, the runoff unresponsiveness can well account for the heightened terrestrial water-imbalance in NARR; by as much as 4 mm/day in the 1993 summer (Fig. 5) .
The pentad resolution display of hydroclimate evolution in these extreme summers suggests, at best, a minor causative role for soil moisture anomalies, as evaporation anomalies generally lag the precipitation signal. This view of the role of soil moisture finds strong support in analyses of regional atmospheric water-balance, where moisture flux convergence (and not local evaporation) is shown to be the dominant contributor to moisture variability. Moisture flux convergence can however arise both from kinematic convergence generated by regional circulation features (e.g., in the GPLLJ exit region, as noted earlier) as well as from larger-scale circulation (and related low-level divergence)
anomalies. The potential influence of regional soil moisture anomalies on the local thermodynamic environment, including stability, and the resulting impact on moisture flux convergence is, of course, not explicitly analyzed here.
The contribution of non-local evaporation and related moisture advection in Great
Plains hydroclimate evolution was qualitatively assessed from examination of the spatiotemporal structure of evaporation over the fetch region (the Southern Great Plains, 25-35ºN). In mid June of 1993, the precipitation anomaly over the Southern Plains was comparable to that over the Northern Plains, and followed by a modest evaporation anomaly (~1 mm/day) in late June/early July, in sync with the GPLLJ strengthening. The Southern Plains may thus have been an immediate source of additional moisture for the early July precipitation episode over the Northern Plains (35-45ºN), but this increment can account for only 10-15% of the total precipitation that lead to the flooding of the Northern Plains. An oppositely signed but otherwise similar southern contribution is manifest in the dry episode evolution, in mid June of 1988.
The notably marginal contribution of evaporation to the atmospheric column water evident in Figures 3-4 , which depicts the column budget to be P ≈ MFC, and the temporal lagging of evaporation with respect to precipitation at pentad resolution corroborates the findings of Ruiz-Barradas and Nigam (2005 on the dominance of transported moisture in Great Plains precipitation variability. These authors also showed that most current climate models are quite unrealistic in this regard as coincident evaporation is the dominant moisture source in model simulations of Great Plains hydroclimate variability.
Regional Circulation and Precipitation Anomalies
It is of some interest to examine the 3-dimensional structure of the regional water vapor conduit from the Gulf of Mexico (the GPLLJ) during extreme hydroclimate episodes, given that related moisture transports are the major contributor to precipitation anomalies over the Great Plains in both 1988 and 1993. The considerable influence of the large-scale circulation on the GPLLJ on super-synoptic to seasonal timescales (Byerle and Paegle 2003; Higgins et al. 1997 ; WN) also merits such an examination. 
a. GPLLJ Variability
b. Great Plains Precipitation: Influence of ENSO and NAO
The influence of large-scale circulation variability on regional hydroclimate raises the Figure 8 (bottom left) shows the same anomaly after removing the NAO and ENSO contributions.
Although the "residual" anomaly is broadly similar to the total anomaly, notable differences are evident in early July, when the anomalies differ by 2-3 mm/day, i.e., by about a fourth. However, the mid-month precipitation anomalies were more significantly impacted, being reduced by more than 3 mm/day in some areas.
The modal contributions to the 1993 July precipitation anomaly are shown in the right panels. The ENSO exhibits significant spatial and temporal stability when compared to the NAO, with the longitudinal gradient nearly constant and little temporal evolution.
The NAO influence is more variable in contrast, and interestingly, robust immediately after the big early-July precipitation event.
c. GPLLJ: Influence of ENSO and NAO
The ENSO and NAO impact on the GPLLJ is assessed from their contribution to the Figure 11 shows the corresponding anomalies in July 1993, beginning with the full circulation anomaly, which is more wave-like than June's. The negative height anomaly over western North America has strengthened considerably, and is now flanked by two positive height anomalies to the east and west. This three-cell pattern has been noted in context of enhanced summertime precipitation over the central U.S., most recently in Weaver and Nigam (2007) .
The ENSO and NAO contributions to the July height anomaly are shown in the middle panels. The much larger (and dominant) NAO signal is immediately apparent, as is the broad similarity of the June and July ENSO influence; the latter, in view of ENSO's long time-scales. The NAO impact in July is robust, especially, when compared to the non-existent June signal. More importantly, NAO is the dominant contributor to the structure and magnitude of the three-cell pattern (eastern north Pacific -western North America -eastern North America) save for the negative height anomaly over western North America, which are comparable to the ENSO contribution. Interestingly, the residual anomaly, obtained after removal of both ENSO and NAO influences, still contains vestiges of the aforementioned three-cell pattern; thus retaining influence on central US precipitation.
Interesting and influential as the ENSO and NAO impacts are, especially, in prolonging one of the wettest Great Plains episodes in modern record, the residual GPLLJ and precipitation anomalies remain substantial and consequential, attesting to the difficulties in predicting Great Plains rainfall. The large-scale circulation influences are considerably more significant in the upper-level height field, though, and how these can be tapped to advance predictability of Great Plains hydroclimate will be a subject of future investigation.
Discussion
The drought of 1988 and flood of 1993 has been analyzed in the North American
Regional Reanalysis (NARR) -a high resolution precipitation assimilating dataset.
Pentad evolution of the atmospheric and terrestrial based hydroclimate anomalies is analyzed to illuminate the pertinent temporal phase relationships of land-atmosphere interactions and large scale and regional circulation during these two extreme hydroclimate events. Interesting findings include:
• The sub-monthly (but super-synoptic time-scale) fluctuations of the GPLLJ are the primary instigation mechanism during these extreme events through their related moisture transport and kinematic convergence (i.e., ∂v/∂y).
• The influential jet anomalies lead precipitation by one pentad. The jet induced moisture flux convergence can account for two-thirds of the dry and wet episode precipitation amplitude during the summers of 1988 and 1993.
• Soil moisture influence on the evolution of hydroclimate anomalies is ascertained to be marginal. In the sub-monthly analysis evaporation anomalies are found to lag precipitation ones. This lead/lag relationship is not be clear at monthly resolution.
• The regional atmospheric and terrestrial water budgets are unbalanced with the terrestrial imbalance significantly large. The sluggishness of NARR evaporation (and overestimation during the wet period) is responsible for the atmospheric imbalance.
The origin of the larger terrestrial imbalance resides in the unresponsiveness of NARR's runoff, which is underestimated in the wet episode.
• The influence of ENSO and NAO variability is assessed given the importance of transported moisture. These large scale climate variability modes can account for ~25% of the GPLLJ and precipitation anomalies during the 1993 wet episode. 
